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SYNOPSIS One of the major considerations in the design of offshore structures is the effect of wave action on the 
foundation. This requires a study of the effects of cyclic loading on the soil properties. The anisotropic nature of 
clay soils, which results from sedimentation followed by K0 consolidation, plays an important role in its dynamic as well 
as its static behavior. An experimental program was undertaken to determine the trends in behavior of clays subjected to 
large strain cyclic loading. Thin long hollow cylinders of isotropic, and normally K0 consolidated and over consolidated 
clays, with varying degrees of anisotropy and differing stress-strain characteristics were cyclicly stressed at periods 
of 20 to 40 seconds using different levels of stress. Damping, modulus degradation, and increasing strain values are 
compared with stress, cycle number and consolidation pressure. Test results are fit to a well known and widely used 
mathematical model. 
INTRODUCTION 
While clays do not show liquefaction they are known to 
suffer loss of strength when dynamically stressed. It 
has been maintained that subjecting an undisturbed clay 
to cyclic loading breaks down the fabric of the material 
and reorients the particles so that it acts like a re-
molded clay. On the other hand it was experimentally 
shown by Saada and his coworkers (1978) that a cross 
anisotropic clay, even after very severe remolding by cyclic 
loading in a cell, does not turn into an isotropic materi-
al in which the response is not affected by the fabric. 
Lee and Focht (1976) presented a comprehensive survey of 
the research done on the dynamic behavior of clay and con-
cluded that the reversal of the cyclic stress was more 
detrimental than one-directional cyclic stress; it resulted 
in large excess pore water pressure causing a decrease in 
the strength. 
When applying two sided loading in strain-controlledtest~ 
the stress usually decreases with the cycle number; and 
for stress-controlled tests the strain increases as the 
test progresses. This notion has been identified as a 
degradation, or decrease in cyclic strength. Larew and 
Leonards (1962) and Sangrey et al. (1969) found a level 
of loading below which degradation does not take place; 
it has been termed threshold stress. 
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A common model used to describe cyclic stress-strain re-
sponse is the Ramberg-Osgood model (1943). For shearing 
stresses and strains the Ramberg-Osgood equation can be 
written in the ~orm { T r-] 
Y = Yr G 1 + ale~--~~ 
maxYr maxYr 
(1) 
in which y is the shear strain amplitude, T is the shear 
stress amplitude, Yr is the reference strain, Gmax is the 
shear modulus at strains smaller than 10-6 and a and R are 
Ramberg-Osgood coefficients. Eq. 1 can be rewritten for 
longitudinal stresses and strains with E, Young's modulus, 
replacing G; the longitudinal strain £ will replace y and 
the deviator ad will replace T. For cross anisotropic claJ·s 
the moduli are primed as shown in Fig. 1. While Eq. 1 is 
quite flexible in representing experimentally obtaineddata 
points, it must be noticed that what often looks likesmall 
variations in the shape of a curve results in very large 
changes in the value of a. In cyclic loading the secant 
moduli G (or G') and E (or E') are defined by the slope 
of the line connecting the tips of the hysteresis loop. 
Except for very small stress levels those tips are hard to 
define since it generally takes a few cycles for the loops 
to close (or nearly close). Parameters referring to the 
first cycle are often obtained by extrapolation. In 
general however, G is assumed to be given by (Tmax - Tmin)/ 
(Ymax- Ymin), and E by a similar ratio. 
Damping energy is defined as the work done per unit volume 
during a cycle of loading. This is measured as the area 
within the force-deformation loop divided by the specimen's 
volume. For a constant amplitude of the stress the energy 
lost per cycle increases as the number of cycles N in-
creases. Specific damping capacity is the ratio of the 
energy lost per unit volume LIW, to the maximum potential 
energy during the cycle. For a material behavingdifferen-
tly in extension and compression, the maximum potential 
energy can be defined as the average of the potential 
energy from the positive loading direction and that from 
the negative loading direction. Thus the maximum poten-
tial energy is 1/2 cr£ (or 1/2 T"() in which£ ~or y) is one 
half the double amplitude strain response. Equivalent 
damping ratio, or equivalent damping A is l/4n times the 
specific damping capacity. Therefore, 
LIW 
A = 2TIE£2 
LIW 
' 2nGy2 • (2) 
For K0 consolidated clay, E and G become E' and G' respec-
tively. 
EXPER Ir-'ENTAL PROCEDURE 
The material used in this research is a commerciallyavai~ 
able clay called Edgar Plastic Kaolin. Its plastic and 
liquid limits are 37.5% and 56.3%, respectively, with a 
specific gravity Gs of 2.62. A hydrometer analysis showed 
76% clay content. Specimens of isotropic clay were pre-
pared by kneading followed by hydrostatic consolidation. 
Cross anisotropic specimens were prepared by onedimensio~ 
al consolidation of slurries in a large odeometer. The speci-
mens were all thin long hollow cylinders with 2.8 in. out-
side diameter, 2.0 in. inside diameter and 5.5 to 6 in. 
height. 
The modified triaxial cell described by Saada and Ou (1973) 
was used for testing. The inner and outer pressures act-
ing on the hollow cylinder were always equal to insureun~ 
form normal radial and circumferential stresses. The ani-
sotropic specimens were first one-dimensionally consoli-
dated in the cell. This was achieved by applying an axial 
displacement proportional to the amount of water expelled, 
such that lateral strain was kept at zero. Confining 
pressure was increased until the desired cell pressure 
was reached. After primary consolidation was completed, 
the excess axial load was lifted and the clay was allowed 
to rebound hydrostatically so that testing could start 
from a deviator stress of zero. The amount of the area 
change during this rebound phase was negligible. The 
result is a material with an overconsolidation ratio of 
l/K0 in the vertical direction and normally consolidated 
in th•• lateral direction. The mean overconsolidation 
ratio being only 1.3, such specimens will be ref~rred to 
as normally K0 consolidated. For overconsolidated clays 
the same procedure was followed until rebound, then the 
hydrostatic pressure in the cell was reduced by the over-
consolidation ratio. Thus overconsolidation will be ex-
pressed in terms of the cell pressure Gc prior to testin~ 
in other words in terms of the lateral pressure rather 
than in terms of the vertical pressure. The isotropic 
clay was consolidated hydrostatically. 
The axial loads and torques were applied and controlled by 
SPAC, a pneumatic analog computer which can impose axial 
and torsional stresses independently, or combined at a 
designated ratio. Three basic types of tests were con-
ducted: static, one sided cyclic and two sided cyclic. 
The static tests were primarily used as references and 
their results appear in the paper by Saada et al. (1978). 
In summary those tests show that for anisotropic clays the 
behavior in extension and compression are very different; 
the material is much more ductile in extension than in 
compression for both normally consolidated and overcon-
solidated specimens. However, while the failure stress 
is higher in compression for normally consolidated clays, 
it is higher in extension for overconsolidated ones. 
RESPONSE TO ONE SIDED LOADING 
The strain response of the material to one sided cyclic 
loading is given in detail by Saada et al. (1978). Under 
an amplitude of stress equal to 85 percent of the static 
failure stress substantial differences were found between 
extension and compression modes as well as between iso-
tropic clay and K0 consolidated, i.e. anisotropic clay. 
So, while it is acknowledged that disturbance created by 
cycling under very high stresses and strains changes the 
fabric, anisotropy is far from being erased. 
The secant moduli could only be measured when the loops 
nearly closed. An increase in secant modulus indicates 
a decrease in strain amplitude, which is often called a 
strengthening effect. As seen in Fig. 2 the moduli do 
not seem to change dramatically with N. The equivalent 
damping ratio showed no particular dependence on the mode 
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Fig. 2. Secant Moduli For One Sided Loading 
For controlled stress tests the total strain increased each 
cycle, but the damping showed very little dependence on 
strain. In fact, there was a slight decrease of damping 
as cycle number increased for both the anisotropic and the 
isotropic specimens. Overall, the equivalent damping 
ratios for the anisotropic clays were 20% to 30%, and for 
the isotropic clay 25% to 35%. 
RESPONSE TO TWO SIDED LOADING 
The bulk of the experimental program involved two sided 
loading of isotropic and anisotropic clays. Both normally 
consolidated and overconsolidated cases were studied. The 
main area of concern was the strain response, involving 
total deformation as well as secant moduli and damping. 
Loading was always symmetrical with respect to the hydro-
static stress condition. The stress amplitude was chosen 
based on the failure stress obtained in the monotonic 
loading. For the torsional loading the stress level was 
simply the ratio of a single amplitude deviator stress to 
static strength. Since the loading was in a direction 
normal to the material's axis of symmetry (for anisotropic 
clay), there was no distinction between positive and 
negative shear. 
For axial loading, one half of each cycle was in com-
pression and one half in extension. To determine the 
stress level the lower failure stress of the twodirections 
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Fig. 3. Equivalent Damping Ratio For One Sided Loading 
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consolidated specimens the stress level was the percen-
tage of the deviator stress to the extension strength, 
and for overconsolidated clay it was the percentage to the 
compression strength. This results because for overcon-
solidated clay the failure stress in extension is higher 
than in compression. Some specimens were tested with a 
constant stress level until failure was noted by rapidly 
increasing strain amplitude. On other specimens loading 
was incremented at increasingly greater stresses witheach 
stress level being applied for 100 or more cycles. An 
increment began from a hydrostatic stress state. 
A. Strain Behavior 
Because of symmetry the cross anisotropic clay responds 
with the same strain magnitude when torsional shear 
stresses are applied in either the positive or negative 
directions. Fig. 4 shows stress-strain loops for a tor-
sional test in which the average strain, is nearly zero 
for all cycles. For axial loading the strain on the ex-
tension side of the cyclic loading is larger than the one 
on the compressive side. Fig. 5 shows a typical behavior 
for axial loading on this clay, with the loops completely 
on the extension side of the stress axis. 
A simple model to describe this behavior is the kinematic 
hardening model coupled with Masing's hypothesis (Fig. 6). 
Between equal magnitudes of the deviator stress in exten-
sion and compression, the loops will migrate along the 
strain axis in the extension direction. If the clay is 
subjected to equal strain magnitudes in compression and 
extension, the loop will shift along the comprPssive 
stress axis. As illustrated by Saada et al. (1979), this 
model predicts a shift from the origin whenever a mater-
ial has properties which differ in opposing directions, 












Fig. 6. Kinematic Hardening Model With Hasing's Hypothesis 
and the extent of this shift in average strain is signifi-
cant for the anisotropic clay when compared to the iso-
tropic clay. 
Failure was noted with a sharp increase in strainampli-
tude. The isotropic clay typically failed much sooner 
than the anisotropic when cycled at the same stress level. 
The strain amplitude consistently was greater for isotro-
pic than anisotropic material. All cyclic tests displayed 
a steady increase in pore pressure. 
B. Secant Modulus 
The hysteresis loops of the Kaolinite were such that 
maximum strain occurred at the instant of maximum stress, 
and minimum strain at the instant of minimum stress. As 
previously stated, the secant modulus is defined as the 
slope of the line connecting tips of the hysteresis loop. 
This line becomes equal to the shear or elastic modulus, 
Gmax or Emax• as strain becomes very small. The quanti-
ties Gmax and Emax were measured in the resonant column 
device for each of the consolidation methods and water 
contents used in the testing program. Secant moduli 
measured in the slow cyclic loading tests were usually 
normalized by dividing by Gmax or Emax for comparison 
purposes. For a controlled stress test the stress ampli-
tude was held constant and the corresponding strains were 
recorded. As strain amplitude increased, G or E decreas-
ed. This reduction in secant modulus is calleddegradatio~ 
and indicates the difference between the first cycle loop 
and the Nth cycle loop, or the first cycle strain and the 
Nth cycle strain. 
Loop migration occurred for all axial tests so that the 
strain behavior for a constant stress amplitude may be 
characterized by an average strain migration and by a 
strain amplitude, boili of which depend on N. The initial 
cycle presents a loop which has a large strain before the 
first stress reversal, and upon return of the stress to 
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Fig. 8. Degradation Index For K0 Consolidated Clay 
the initial position the strain does not come close to its 
original position. Loop 0-A-B-C in Fig. 5 is not closed, 
so the secant modulus is undefined in this 'loop'. 
Therefore, the 'first' cycle response must be determined 
from extrapolation of subsequent cycles. This extrapo-
lated first cycle secant modulus in some cases coincided 
quite well with the measured modulus, especially for low 
stress levels. On the other hand, for higher stresses, 
the extrapolated value differed as much as 30% from the 
measured one. In any case, all analyses were made with 
the extrapolated value. 
Fig. 7 shows typical degradation behavior. The values 
of E' /E~1ax are extended to N=l, and this is taken as Ei/E~ax . The secant modulus for the Nth cycle, G~ or E~ 
is related to the initial secant modulus by the degrada-








For small levels of stress the degradation index is linear-
ly related to N on a double logarithmic graph. The slope 
of this line is defined as t, the degradation parameter. 
Thus, 
6 = N-t (4) 
However, stress levels greater than 30% usually produced 
a degradation curve, mo~tly with slope increasing with N. 
Fig. 8 shows the degradation index plotted versus N for 
several stress levels on an anisotropic clay. 
Idriss et al. (1978) using constant strain amplitude tests 
and the relation 6 = N-t, obtained a smooth curve relating 
the parameter t with strain amplitude. With constant 
stress amplitude tests, when the degradation parameter t 
was obtained by a power fit least squares method, most 
t's fell within a band which increased with stress level. 
The range of values of t within this band was too wide to 
be used for prediction purposes. Fig. 9 shows little 
correlation between t and the stress level SL. 
C. Damping 
In most tests, the damping ratio remained relatively con-
stant throughout the entire test. Normally, the area of 
the loop grew with N as cyclic strain grew. The stored 
potential energy, however, grew by at least the same 
amount so the effects of increasing strain were not evi-
dent in the damping ratio. Typical damping vs. N data is 
shown in Fig. 10. 
Overconsolidated clay reacted in a way very similar to 
that of the normally K0 consolidated clay. The overcon-
solidation ratio could not be formally related to the 



























































Fig. 9. Degradation Parameter Versus Stress Level 
RAMBERG-QSGOOD-MASING MODEL 
A. Backbone Curve 
For a material cycled under a constant stress amplitude, 
the hysteresis loop defines two strain extremes. The 
magnitude of strain measured between these extremes is the 
peak-to-peak strain, and the strain amplitude has been 
defined as one-half of it. Different stress levels result 
in loops with different strain amplitudes. A plot of the 
stress levels versus the strain amplitudes yields what is 
called the backbone curve. If a material has the same 
behavior in extension and compression and does not degrade 
during cycling then the backbone curve coincides with the 
static stress-strain curve. If a material, such as most 
soils, has different behaviors in extension and compres-
sion then the hysteresis loops will shift away from the 
origin of a stress-strain diagram. The backbone curve 
will still describe the strain amplitude, but will haveno 
bearing on the position of the loop. In this case the back-
bone curve will not coincide with the static curve. 
B. Ramberg-Osgood's Equation 
Most static stress-strain curves for clay can be well re-
presented by a Ramberg-Osgood type of equation. Since in 
most cases the backbone curve shows similarity to the 
monotonic loading curve, it is generally accepted that 
Eq. 1 adequately describes the backbone curve. For across 
anisotropic clay this equation is rewritten with primed 





Y = fr c;;-y- 1 + n.c;;-y- 1 
max r max r 
(5) 
In this study the reference strain is a constant related 
to the properties of the clay by Yr = 'ruax/G~ax . Thus 
Eq. 5 becomes T ( 
1 
+ R-lj 
Y = ~ nl-'-1 / (6) 
max 'max ) 
or G' R-1 
max = 1 + a II SL I G' 
where G' = -r/y and SL = -r/-rmax is the stress level. 
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One can see that as SL approaches zero, E' becomes E~ax . 
The clays had all been previously tested in static loading, 
so Tmax and od ax were known. They were also tested in 
the resonant corumn to get G~ax and E~ax• so the only un-
knowns in the model were a and R. 
Since the first cycle of loading imposed large permanent 
total strains on the specimen, it is not acceptable to 
describe the backbone curve and all subsequent behavior 
with the constants obtained from the first cycle. In the 
literature the tenth cycle has been used to describe the 
backbone curve for the purpose of predicting earthquake 
responses. To construct the backbone curve, data is ob-
tained from the tenth loop during cyclic loading under a 
number of stress levels / SL /. Each of these loops yields 
a value for G' to be used in Eq. 7. A power fit is then 
used to obtain a and R. For example, the anisotropicclay 
at ac 40 psi yields R = 4.09 and a = 123. 
The Masing (1926) criterion is used to describe loading 
and unloading. It is assumed that the loading branch of 
the loop is twice the ordinates of the backbone curve, 
and that the unloading branch is symmetrical about zero 
(Fig. 6). Having the mathematical expression for the 
loop enables one to determine the area within the loop, 
and thus get a relation for the damping ratio. Jennings 
(1963) obtained the following expression for the damping 
ratio using the Masing Criterion with a Ramberg-Osgood 
backbone curve: ( )R ~ A 2a max r R-1 
R+l 1T 
(9) 
which can be rewritten as 
2 R-1 G I 
y = iT R+l (l - c;r-) (10) 
max 
It is advantageous to use this form of the equation be-
cause there is only one coefficient to find. After R has 
been found the data is put back into Eq. (7) to find a. 
In Table I, which relates to the lOth cycle, column 1 
gives the stress level as a function of the failure stress 
in the axial or torsional mode. Columns 2 and 3 show the 
damping ratio and the moduli as measured from the experi-
mental hysteresis loops. Columns 4 and 5 give the values 
of R and a obtained from the power fit of the backbone 
curve following Eq. 7; data for the fit were taken from 
columns 1 and 3. In column 6, the values obtained in 
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Fig. 11. Damping Ratio For Overconsolidated Clay 
column 2 and 3 were used in conjunction with Eq. (10) to 
get R. These values of R were then substituted in Eq. (7) 
to give the values of a in column 7. Thus, columns 6 and 
7 use measured values for each stress level and assume 
Jenning~ derivation to be valid. If now the values of R 
in column 4, which were obtained from the backbone curve, 
are used in Eq. (10) together with the values in column 3, 
derived damping ratios A are obtained and listed in column 
8. The calculated and measured A1 S are shown in Fig. 12 
plotted against the measured E/E~ax or G/G~ax· The 
averages of the calculated values differ from those of the 
measured values by 16 to 40 percent depending on the con-
solidation pressure and the mode of testing. Thus, the 
combination of the Ramberg-Osgood backbone curve and the 
Masing criterion predicts loops of much larger areas than 
those which actually happen. Thus, the loading and the 
unloading parts of the experimental loops do not followthe 
backbone curve or its slope as required by Masing. If 
Jennings' relationships applied to anisotropic clays, 
measured and computed values of A, Rand a would all be the 
same for the same clay under the same mode of testing. 
C. Degradation 
It has been shown that as the number of cycles increases, 
the secant moduli decrease. A plot of the backbone curve 
for various cycle numbers indicates that the curve itself 
degrades. Previous investigations suggests a threshold 
stress or strain before degradation can occur, so it is 
presumed that G~ax itself does not degrade. Idriss, et al. 
(1978) introduced the degradation index. Their revised 
""P""""'": fo:,'::.:•:kbo{o: :":~:,::', IR-1'\ (11) 
max r max r ,{ 
or oc' 
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RAMBERG-OSGOOD COEFFICIENTS FOR 
UNDEGRADED BACKBONE AND DAMPING CURVES 
lOth Cycle 
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.131 3.09 45.21 
.110 4.09 122.57 2.80 38.40 
. 0157 2.04 80.06 
.221 2.51 14.55 
.099 6.84 766.42 3.03 33.04 
.019 2.45 16.35 
----
t--- t---· 
.742 2.01 3.53 
.481 1. 94 4.94 
.176 3.35 61.04 2.43 17.41 
.123 2.60 29.65 
.0336 2.14 51.41 
.289 2.93 17.85 




Table II gives results obtained using the relation 6 = N-t. 
It is similar to table I but introduces degradation co-
efficjents. In Fig. 8 it was shown that this relation 
was not valid for large deformations and that for high 
stress levels the graphs show a pronounced curvature after 
a certain number of cycles. For the cycle numbers pre-
ceeding this sharp curvature the values of t were obtained 
by a power fit least square method and listed in column 1. 
Those same values were plotted in Fig. 9. Columns 2 and 
3 give the values of R and a obtained from the power fit 
of the backbone equation 15 using the values of t in 
column 1 and data from column 3 of table I. In column 4 
the experimental data in columns 2 and 3 of Table I and in 
column 2 of table II are used in Eq. 16 to obtain the 
values of R. These values of R were then substituted in 
Eq. 15 to give corresponding a's listed in column 5. 
Thus, columns 4 and 5 use measured values and assume the 
modified Jennings equation 16 to be valid. If now the 
values of R in column 2 which were obtained from the 
backbone curve are used in Eq. 16, derived damping ratios 
are obtained and listed in column 6. When those values 
of A are compared to those obtained experimentally in 
column 2 of Table I it is seen that the use of a degra-
dation coefficient does not improve the predictions at 
all. As a matter of fact, the spread is as large, if not 
larger, when degradation coefficients are introduced. For 
the bulk of the stress levels tested, an expression was 
not found to describe the degradation index in terms of 
N, so the definition 6 = G' /Gi was used: Eq. (12) becomes, 
G' G' R-1 
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1 + al-1-"1 
'max 
R (l A 
4 5 6 
5.18 J8J.HO .104 
3.98 5.93 .186 
3.42 4.52 .193 
2.10 6.15 .237 
··-
2.97 6.14 .140 
4.43 0.63 .149 
2.75 0.81 .183 
2.37 5.86 .054 
2.06 4. 70 .123 
2.92 5.00 .179 
2.98 6.92 .200 
2.23 7.33 .235 
3.64 10.86 .066 
4.45 0.97 .076 
(18) 
If the cyclic strain remains constant then, for all cycles, 
the coefficients a and R remain constant. However, for 
constant stress amplitude tests the strain increases with 
the cycle number and therefore a ~nd/or R must be func-
tions of N. Therefore, the idea of Ramberg-Osgood 
"constants" does not in general apply even when degrada-
tion is introduced into the Ramberg-Osgood equation. 
Assuming a uni~ue backbone curve for each cycle number N, 
and solving the backbone curve (Eq. 17) for a and R, the 
values in Table III are obtained. When plotted on double 
logarithmic scales, the a and R coefficients form smooth 
curves of approximately consistent shapes (Fig. 13). 
Notice that for the lOth cycle these values are totally 
different from the ones in Table II since no use is made 
here of the relation between 6 and t. The a and R curves 
seem to level out as the cycle number increases, and may 
reach a conscant value for non-failure behavior. It is 
suspected that tests run at other consolidation pressures 
would result in a and R following the same trends. Notice 
that variations in Rare not very pronounced. This fits 
Eq. (14) quite well since it can be written as 
A = ~ R-1 ( 1 - Gi ) 
1T R+l G I 
max 
(19) 
from Fig. 10 one sees that A varies little with N and the 
same oueht to be true for R since Gi/G~ax is fixed. 
Given specific R vs. N and ex vs. N curves 
dation pressure, Eq. (17) may be solved for the secant 
modulus: 
G' G' lsLI r. 1 (20) ~ cr- r G' ~ 1 max max 
Lalj m;[ _ 1) Rn-1 
TABLE III 
RAMBERG-OSGOOD COEFFICIENTS FOR 
DEGRADED BACKBONE CURVE-EQ. 17 
AXIAL ___ :[I!._K~, ~QN~ 
N R a R a 
1 3.87 65.45 6.53 253.03 
5 3.22 18.34 4.20 7.60 
ac = 40 10 2.91 10.54 3.00 3.12 
20 2.29 7.01 2.61 2.01 
psi 50 2.82 8.45 1. 66 1. 64 
1 3.01 30.96 3.07 18.32 
5 2.68 14.37 4.74 26.63 
10 2. 49 9.85 3.91 10.15 
ac = 60 20 2.28 6.66 2.88 5.21 
psi 50 
2.21 5.56 1. 99 2.64 
Substituting Eq. (7) into Eq. (20), an expression invol-





[~ ( /SL/ (Rl-Rn))J 2R: 
(21) 
1 + a 1 /SL/Rl-l 
Eq. (21) enables one to determine G'/G' without having 
to compute G'. Its accuracy depend~ oWa~he accuracy of 
the previously determined relationship between R , a , R 
and a • Note that if a and R are assumed to bt ~onstant~ 






and there has been no degradation. 
(22) 
The dependence of G' on Gi in Eq. (20) creates much room 
for error because o¥ the uncertainty in determining G'. 
a 1 and R1 may be obtained from Eq. (17) which uses an
1
ex-
trapolated vaJue of Gi, or they may be extrapolated from 
the a vs. N and R vs. N curves. In either way, G' is not 
usually obtained directly from experimental data. 1 The 
consequences of this show up when the secant modulus is 
predicted from Eqs. (20) or (21). 
D. Overconsolidated Clay 
The Ramberg-Osgood coefficients a and R, when determined 
from the backbone curve, were found to vary in the same 
manner with the cycle number N as in the case of normally 
consolidated clay. Smooth curves were plotted to show 
that a and R decreased as N increased. Fig. 14 shows a 
and R for oc = 10 psi. There appeared to be noformulable 
dependence on either the consolidation pressure or the 
overconsolidation ratio. Here, too, the Ramberg-Osgood-
Masing criterion predicted more energy lost per cycle than 
actually happened. 
CONCLUSION 
The dynamic behavior of clays under large strain has been 
studied with particular emphasis placed on K0 consolidated 
anisotropic clays. The response to cyclic loading has 
been shown to be extremely sensitive to the fabric of the 
clay when stresses and deformation are along the axes of 
symmetry. Both one-sided and two-sided loadings have been 
examined and the variation of the moduli and damping with 
the level of the stress and the number of cycles studied. 
For both the axial and torsional modes the Ramberg-Osgood-
Masing model with constant coefficients was found inade-




















Fig. 12. Shear Moduli Versus Measured and Calculated A 
satisfactory no formulation was possible either for nor-
mally consolidated or for overconsolidated clays. It is 
recommended in practical applications to conduct a series 
of tests with parameters in the rc>.nge expected, deduce the 
variation of the Ramberg-Osgood constants with stress 
levels and number of cycles, as done in Figs. 12 and 13 
for example, and use the model with the proper range of 
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Fig. 14. R-0 Coefficient for Overconsolidated Clay 
approach since this is the way in which foundation engi-
neering problems have traditionally been solved. It is 
not realistic to expect a model with one set of constants 
to describe the behavior when the principal stresses 
rotate during cyclic loading. 
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